Background: Despite the rich array of data available on seven self-care and mobility activities, a functional outcome measure, which sums the scores across these activities, has not yet been developed or validated for use in the National Health and Aging Trends Study (NHATS). Methods: Using longitudinal data from NHATS, we evaluted 7,609 participants who were living in community settings. Development of the functional outcome measure was guided by the presence of consistent mortality gradients across a 5-category, 4-category, and two 3-category scales for each of the seven activities, whereas validation was based on predictive accuracy for mortality and concurrent change in physical performance. Results: Consistent mortality gradients were observed only for the two 3-category scales (with each activity scored as 1 [fully able/independent], 2 [vulnerable], or 4 [assistance]). Each version of the corresponding functional outcome measure, which had a range of composite scores from 7 (no disability) to 28 (highest disability), demonstrated strong predictive validity for mortality and concurrent change in physical performance, with a 2-point change being clinically meaningful. The version that defined vulnerability on the basis of accommodations, reduced activities, or difficulty, rather than difficulty alone, is preferable for use in NHATS based on a more even distribution of composite scores, a wider and more consistent mortality gradient without any mortality reversals, and slightly stronger associations with the two outcomes. Conclusions: These results provide strong, albeit preliminary evidence supporting the value of a new functional outcome measure for use in NHATS, a rich resource for investigating late-life disability.
Older persons consistently indicate that maintaining independent function is their top priority (1) . Hence, developing and validating functional outcomes measures is essential for many longitudinal studies of older persons. The National Health and Aging Trends Study (NHATS) is a longitudinal study that was newly established in 2011 (2) . Through annual, in-person interviews, NHATS collects detailed information on the disablement process and its consequences in a nationally representative sample of Medicare beneficiaries aged 65 years or older. This information is intended to enhance our understanding of late-life disability and to elucidate the economic and social consequences of aging and disability for individuals, families, and society. The number of published NHATS reports has increased exponentially over the past several years (https://www.nhats.org/scripts/biblioRep.htm) and will likely accelerate in the coming years with the availability of linked Medicare data and expansion in the pool of interested investigators. Despite the rich array of data available on seven self-care and mobility activities, a functional outcome measure, which sums the scores across these activities, has not yet been developed or validated for use in NHATS.
In an earlier NHATS report (2), Freedman and colleagues developed a 5-category hierarchy of late-life disability, which classifies specific functional activities and participants (on the basis of the worst activity) as: fully able, successful accommodation, activity reduction, difficulty, and assistance (from others). The intent was to distinguish finer gradations of disability, not to enhance mortality prediction. In a subsequent report (3), which was not designed to develop a functional outcome measure, we identified some inconsistencies in the hierarchy of this scale and found that the predictive accuracy of the scale for mortality and functional dependence was comparable to or only modestly better than that of three alternative scales that had only three or four categories. When evaluated as summative disability scores, there was little difference in predictive accuracy between the 5-category scale and three alternative scales.
Building on these results, we set out in the current study to develop and validate a functional outcome measure for use in NHATS and possibly other longitudinal studies. Such a measure would facilitate an array of longitudinal analyses, including (among others) those that evaluate risk factors or precipitants for functional decline, identify factors promoting or impeding functional recovery, and distinguish between different trajectories of disability over time. Because of known sex differences in late-life disability (4-6), we repeated the analyses separately in men and women. After evaluating predictive validity, we also estimated clinically meaningful changes in the functional outcome measure.
Methods

Study Population
Publicly available, de-identified data, together with the sensitive data files, were used from NHATS (2). On September 30, 2010, NHATS drew a random sample of persons 65 years or older living in the contiguous United States from the Medicare enrollment file, with oversampling of non-Hispanic blacks and those 90 years or older. Baseline (or Round 1) interviews, completed in May through November 2011, yielded a sample of 8,245 persons with a weighted response rate of 71.3%. The sample for the current analysis includes the 7,609 participants who were living in settings other than nursing homes. Proxy respondents were interviewed when the participant could not respond (n = 583 or 5.8% [weighted] ). The Johns Hopkins University Institutional Review Board approved the NHATS protocol, and all participants provided written informed consent.
Data Collection
In-person assessments were completed annually for five years (Rounds 1-5) by trained research staff.
Assessment of covariates
Round 1 data were collected on demographic characteristics, including age (in years), sex, race/ethnicity, education, and living situation; 10 self-reported, physician-diagnosed chronic conditions, including myocardial infarction, hypertension, arthritis, osteoporosis, diabetes, lung diseases, stroke, dementia, cancer, and hip fracture (since age 50); physical performance; and cognitive status. Physical performance was assessed with the Short Physical Performance Battery (SPPB) (7, 8) , with scores ranging from 0 (lowest) to 12 (highest), whereas cognitive status was assessed with a 10-word recall (9) .
Assessment of disability
Disability was assessed in four self-care activities (eating, getting cleaned up, using the toilet, and dressing) and three mobility activities (going outside, getting around inside, and getting out of bed) (2) . For each functional activity, participants were asked about their use of devices or environmental modifications (canes, walkers, wheelchairs, scooters, grab bars, bath or shower seat, eating, and dressing devices) and receipt of help from another person during the prior month. Participants who ever performed the activity without personal assistance were asked whether they had difficulty completing the activity alone (with the particular devices or environmental modifications, if used). For activities other than getting out of bed, using toilet, and eating, participants were also asked about changes in the frequency with which they performed the activity in the past year.
NHATS categorical scale
Based on responses to these questions, hierarchical categories were created in NHATS for each activity: fully able (no device use, reduction in activities, difficulty, or assistance); accommodations (device use but no reduction in activities, difficulty, or assistance); reduced activities (reductions in activities but no difficulty or assistance); difficulty (difficulty performing activities by oneself, when using devices, if needed, but no assistance); and assistance (help from another person or, rarely, not doing the particular activity) (2) . Because reductions were not assessed, only four categories were created for getting out of bed, using the toilet, and eating.
Alternative categorical scales
Three alternative scales were created (3) . For the first, accommodations, reduced activities and difficulty were combined into a single category (or indicator) of "vulnerability," with the fully able and assistance categories unchanged, leading to a 3-category hierarchical scale. For the second, the sole indicator of vulnerability was difficulty; fully able, accommodations, and reduced activity were combined into a single category denoted as independent; and assistance was unchanged. This led to creation of a second 3-category hierarchical scale. For the third, accommodations and reduced activity were combined, leading to a 4-category hierarchical scale. For efficiency, the two 3-category scales are referred to simply as version c (combined indicator of vulnerability) and version d (difficulty as sole indicator of vulnerability).
Longitudinal outcomes
The two longitudinal outcomes included death and change in physical performance as assessed with the SPPB. A clinically meaningful change in SPPB score is 0.5 points (10). Deaths were ascertained by research staff during and between the annual assessments. Month and year, but not day, of death were available from the NHATS sensitive data files.
Statistical Analysis
Baseline (ie, Round 1) characteristics were summarized using percentages and means (SE); and these values were compared between men and women.
Development of functional outcome measure
We calculated 4-year mortality (95% confidence intervals [CI]) for each of the seven mobility and self-care activities at Round 1 according to the different categorical scales. Before summing scores across the seven activities to form a composite score, consistent gradients in mortality were required for each activity after accounting for the precision of the estimates. An increase in mortality with a lower score (ie, better function) based on the lower bound of the 95% CI was considered a mortality reversal. These calculations were repeated for 3-year mortality using the functional activities at Round 2. Because several mortality reversals were observed for the 5-category and 4-category scales, composite disability scores were calculated only for the two 3-category scales by summing scores across the seven activities. Based on the mortality gradients observed, each activity was scored as: 1: fully able, 2: vulnerable, and 4: assistance for version c; and 1: independent, 2: difficulty, and 4: assistance for version d.
Validation of functional outcome measure
A valid functional scale should be strongly associated with relevant outcomes such as mortality and change in physical performance. We evaluated predictive accuracy of the two 3-category scales when assessed at a single time point and for changes over one year.
For each of the 3-category scales, 4-year mortality was calculated based on the composite disability scores at Round 1. The multivariable associations between each of these scores and mortality were evaluated using logistic regression models for 4-year mortality and proportional hazards models for time to death over 4 years. These models adjusted for age (in years), sex, race/ethnicity, and education. The C-statistic was used to assess the predictive accuracy of the logistic regression models, whereas the Akaike Information Criterion (AIC) value was used to assess the fit of the proportional hazards models. The model with the lowest AIC value has the best fit (or relative predictive accuracy). These analyses were repeated separately for men and women.
Changes in the composite disability scores were calculated by subtracting the Round 1 from Round 2 values. The multivariable associations between these changes and the two longitudinal outcomes were evaluated using proportional hazards models for time to death over 3 years and regression models for concurrent change in SPPB scores, subtracting the Round 1 from Round 2 values. Because the latter analysis was restricted to participants having SPPB scores at both time points, changes in the composite disability scores were recalculated for this sample. The multivariable models were adjusted for age, sex, race/ethnicity, and education. To assess model fit, the AIC value was used for the proportional hazards models, whereas the R-square was used for the regression models. These analyses were repeated separately for men and women, and the associations were evaluated within subgroups according to the Round 1 composite disability scores.
Estimate clinically meaningful changes
The regression coefficients from the multivariable models were used to calculate the changes in composite disability scores corresponding to a clinically meaningful change in SPPB score. The results from the proportional hazard models were then used to estimate the expected increases in mortality over 3 years corresponding to clinically meaningful changes in the composite disability scores.
All analyses were performed using the SAS Survey Procedures and account for the complex sample design (SAS, version 9.4; SAS Institute, Cary, NC). Hence, all values other than group sizes are weighted.
Results
The Round 1 characteristics of the study participants, which have been previously reported (3), are provided in Supplementary Table 1 . Compared with men, women were older and had lower educational attainment, were more likely to live alone, and had more chronic conditions but lower SPPB scores.
Of the 7,609 participants, 1,393 (14.0% [weighted]) died over a median follow-up of 44 months. Table 1 shows 4-year mortality for each of the seven mobility and self-care activities at Round 1 according to the different categorical scales. Gradients in mortality were consistently present for each of the 3-category scales, but not for the 5-category or 4-category scales. For the 5-category scale, reversals in mortality were observed across the hierarchy for the three mobility activities: going outside, getting around inside, and getting out of bed. For the 4-category scale, mortality reversals were observed for getting around inside and getting out of bed. Results were generally consistent when 3-year mortality was evaluated for the functional activities at Round 2 (Supplementary Table 2 ). Based on these results, subsequent analyses focused solely on the two 3-category scales. Table 2 shows 4-year mortality based on the composite disability scores at Round 1 for the two 3-category scales. The results were comparable with the following exceptions. For scores of 7 and 8, mortality was lower for version c than version d, leading to a greater range of mortality for the former (4.5%-67.1%) than latter (7.6%-67.1%). The mortality gradient from higher to lower composite scores was also more consistent for version c than version d, which had a mortality reversal from score 15 (27.4%) to 14 (40.9% [95% CI: 31.5%-50.3%]). Finally, composite scores were distributed more evenly at the lower end (ie, 7-12) for version c than version d, and participants were less likely to achieve the lowest score of 7 for version c than version d.
The multivariable associations between each of the composite disability scores and mortality are provided in Table 3 . The results for the two 3-category scales were comparable with a slight advantage for version c. The composite scores for each were strongly associated with mortality whether evaluated as a dichotomous or time-to-event outcome. For each 1 point increment in the composite scores, the odds of death increased by 14%-16% and the hazard of death increased by 10%-12%. No differences in these associations were observed between men and women. Figure 1 provides the distribution of Round 1 and Round 2 scores for the two 3-category scales (top panel) and the corresponding changes in scores between these two time points (bottom panel). The mean (SE) changes in the composite disability scores (Round 2 -Round 1) were 0.24 (0.04) for version c and 0.22 (0.04) for version d. Table 4 shows the multivariable associations between these change and the two longitudinal outcomes. For each 1-point worsening in the composite score, the adjusted hazard ratio for subsequent mortality through Round 5 was 1.11 (95% CI: 1.09-1.13) for version c and 1.10 (95% CI: 1.08-1.12) for version d, and the adjusted decline (Round 2 -Round 1) in SPPB score (in points) was 0.32 (95% CI: 0.29-0.36) for version c and 0.29 (95% CI: 0.25-0.33) for version d, with relatively little difference in values between men and women. The effect sizes were smaller for participants who had the highest Round 1 composite disability scores (Supplementary Table 3 ). The mean (SE) changes in the composite disability scores (Round 2 -Round 1) for the SPPB decline outcome, which included a subset of participants, were 0.20 (0.05) and 0.18 (0.05).
Among all participants, the changes in composite disability scores corresponding to a clinically meaningful change in SPPB score of 0.5 were 1.6 for version c and 1.7 for version d. These changes in composite disability scores were associated with a 17% increase in subsequent mortality over 3 years for both versions.
Discussion
Building on prior work (2,3), the current study developed and validated two versions of a functional outcome measures for use in NHATS and possibly other longitudinal studies. Each version demonstrated strong predictive validity for mortality and concurrent change in physical performance. The version that defined vulnerability on the basis of accommodations, reduced activities, or difficulty, that is, version c, might be preferable for use in NHATS based on a more even distribution of composite scores, a wider and more consistent mortality gradient without any mortality reversals, and slightly stronger associations with the two outcomes. In contrast, the version that defines vulnerability solely on the basis of difficulty, that is, version d, might be preferable for other longitudinal studies that may not have, or wish to collect data on accommodations and reduced activities. Outcome measures that assess changes in function over time are essential for longitudinal studies and clinical trials of older persons.
Without such measures, it would not be possible to evaluate risk factors or precipitants for functional decline, identify factors promoting or impeding functional recovery, distinguish between different trajectories of disability over time, or evaluate the functional benefits of behavioral and non-behavioral interventions. Depending on the goals of the study, such a measure could also be used for descriptive purposes, as a covariate to adjust for functional status, or potentially as an independent variable.
We used a well-established threshold for the SPPB to determine clinically meaningful changes in the functional outcome measure. Higher scores represent worse function. Composite scores were not available for 58 participants because of missing data on one or more functional activities. n's are unweighted; means, percentages, and 95% CIs are weighted.
b Each of the seven activities are scored as 1 (fully able or independent), 2 (vulnerable), and 4 (assistance) based on the mortality gradients observed in Table 1 . A composite score of 27 is not possible. The denominator includes the total number of participants. Note: AIC = Akaike Information Criterion; CI = Confidence interval. a 7,551 participants were included in the analysis, including 3,150 men and 4,401 women. Estimates are adjusted for age, race/ethnicity, education, and for overall model, sex. The C-statistic was used to assess the predictive accuracy of the logistic regression models, whereas the AIC was used to assess the fit of the proportional hazards models. The model with the lowest AIC value has the best fit (or relative predictive accuracy). Based on the calculated values of 1.6 and 1.7, a 2-point change in the composite score (possible range, 7 [no disability] to 28 [highest disability]) would be considered as clinically meaningful for both versions of the measure. An increase of two points could represent a transition from vulnerable to assistance with respect to a single activity for both versions or from fully able (version c) or independent (version d) to vulnerable with respect to two activities. For version d, these transitions are associated with an increased risk of admission to a nursing home or death (11).
To create the composite disability scores, each of the seven activities was scored as 1 (best), 2, or 4 (worst) based on the strength of associations with subsequent mortality. This strategy was effective in minimizing the number of mortality reversals for the composite disability scores but did not permit a score of 27. Because we evaluated a community-based sample, a relatively small minority of participants had composite disability scores greater than 10 at baseline (Round 1). Whether our findings are applicable to more debilitated populations, including nursing home patients, is uncertain but should be the focus of future research. Our current results suggest that a 1-point change in the composite disability score may be less meaningful among persons with higher scores.
Because data have already been collected on accommodations and reduced activities, version c of the functional outcome measure would be preferable for use in future NHATS analyses, especially given its modest advantages over version d in terms of distribution of composite scores, consistency of mortality gradients, and predictive accuracy. For other studies, these advantages may be outweighed by the additional time, expense, and burden related to asking a series of questions about accommodations and reduced activities, in addition to difficulty. Functional outcome measures that define vulnerability solely on the basis of difficulty have been successfully used in prior longitudinal studies (12) and clinical trials (13) .
Because of inconsistencies in the mortality gradient for the mobility activities, we did not calculate composite disability scores for the 4-category or 5-category scales, which included separate categories based on accommodations and reductions. Although questions about accommodations and reduced activities have only modest effects on predictive accuracy for mortality, they are useful in characterizing and making important distinctions within the spectrum of late-life disability (2) and perhaps in elucidating the mechanisms underlying the disabling process. Why mortality reversals were observed for the mobility but not self-care activities is uncertain but should be the focus of future research.
Our results should be interpreted in light of at least three limitations. First, the outcomes evaluated in the current study were limited to mortality and change in physical performance. In future studies, the predictive accuracy of the functional measures should be evaluated for other relevant outcomes, such as nursing home admissions and use of other long-term care services. Second, it is difficult to determine whether or how missing data on physical performance might have affected the clinically meaningful changes in the two functional outcome measures. Third, the C-statistic, a well-established indicator of predictive accurary, was used for the logistic regression models. Because comparable indicators are not available for proportional hazards or linear regression models, values for model fit (Model AIC) were reported as surrogates for predictive accuracy.
Our study has several strengths. Because participants were drawn from a nationally representative sample, our results should be broadly generalizable to the population of community-living older persons. Second, the amount of missing data on the functional measures was relatively small, and attrition for reasons other than death was modest. Third, our mortality results were comparable for two separate waves of data (Rounds 1 and 2). Fourth, our analyses were run separately for men and women, and our results demonstrated relatively few sex-specific differences. However, because data on accommodations, reduced frequency, and difficulty were limited to seven self-care and mobility activities, we cannot comment on household (or instrumental) activities, such as shopping, cooking, and paying bills.
In summary, the results of the current study provide strong, albeit preliminary evidence supporting the value of a new functional outcome measure for use in the National Health and Aging Trends Study, a rich resource for investigating late-life disability.
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